
AN ABSTRACT OF THE THESIS OF

Phillip Charles Stanwood for the degree DOCTOR OF PHILOSOPHY
(Name) (Degree)

in AGRONOMIC CROP SCIENCE presented on December 6, 1974
(Major Department) (Date)

Title: RELATIONSHIPS BETWEEN NET CARBON EXCHANGE AND

ASSOCIATED ENVIRONMENTAL AND PHYSIOLOGICAL

FACTORS IN SOFT WHITE WINTER WHEAT (TRITICUM

AESTIVUM L.) for privacy
Abstract approved:

Dr. D. 0. Chilcote

Experiments were conducted under field and controlled

environmental conditions to identify relationships between net carbon

exchange (NCE), transpiration, plant hydration, vascular tissue, and

associated environmental factors with seed yield potential in different

cultivars of soft winter wheat (Triticum aestivum L. ).

Response to varying levels of light energy under controlled
environmental conditions

Yamhill differed from other cultivars tested, exhibiting lower

mesophyll resistance to CO2 diffusion and higher NCE rates when
-2 -I

measured at a quantum flux below 600 Ile m s (2,800 ftc). There

were no significant differences between cultivars in transpiration rates

and leaf resistances to CO2 diffusion under any light regime.

Mesophyll resistance to CO2 diffusion was highly correlated to



and contributed the most to total CO2 diffusion resistance under the

conditions of this experiment. Additionally, as light quanta were

increased from 210 to 800 Ile m -2
s -1, CO

2
diffusion resistance

dropped 14 sec cm-1 in the mesophyll component as compared to

1.1 sec cm-1 in leaf component.

The use of NCE rates under low light radiation to distinguish

between high yielding winter wheat cultivars in the Willamette Valley,

Oregon, where low light conditions prevail during most of the plant's

life cycle, appeared promising.

Net carbon exchange and transpiration rates under
greenhouse conditions

Path coefficient analysis indicated a direct and significant

correlation between NCE rate and leaf temperature in the cultivars,

Hyslop and Luke. A positive association between leaf temperature and

leaf hydration appeared to have the most influence on NCE in Yamhill

and White Holland. NCE rates in Nugaines were equally influenced by

light quanta and leaf temperature.

Transpiration rates were highly correlated to light quanta recep-

tion in Hyslop and Luke, whereas transpiration rates of Ya,mhill,

White Holland and Nugaines were directly correlated to leaf tempera-

ture. Relative humidity of ambient air was not as strongly associated

with transpiration rates as light quanta reception and leaf temperature.



The higher yielding cultivars, Hyslop and Yamhill, had

significantly higher 'adjusted' NCE rates than the lower yielding Luke.

White Holland, the lowest yielding cultivar, also had the lowest

'adjusted' NCE rate. Observed NCE rates were 'adjusted' to a set of

environmental and physiological parameters, thought to predominate

during early wheat spike development.

It is suggested that measurements, such as NCE and transpira-

tion, be taken in such a way that environmental and physiological

parameters interact, thus offering a greater opportunity for realistic

appraisal of the inter-relationships of those factors and plant

responses.

Associations between NCE and transpiration rates under
field conditions

Flag leaf NCE was significantly reduced by increased leaf

temperature. Small changes in stomatal aperture and thus diffusion

resistance were suspected. Therefore, reduced flag leaf NCE,

associated with increased temperature, appeared to result from a

faster increase in respiration and photorespiration than CO2 fixation.

Light quanta had a direct and positive effect on leaf NCE but the effect

was counteracted by associated increases in leaf temperature.

Responses of NCE and transpiration in the spike were similar to

those in the flag leaf. The data also suggested that plant hydration

was low, thus reducing overall NCE and transpiration rates. However,



plant hydration was not too important in diurnal variation of NCE under

the conditions of this experiment.

The lowest yielding cultivar, Druchamp, had the lowest flag leaf

NCE rate and the highest transpiration rate. Cultivars that yielded

the same under the conditions of this experiment had similar flag leaf

NCE rates.

The use of the flag leaf and spike NCE and transpiration rates

measured in the field do not appear suitable for early generation

selection in winter wheat. Due to the small number of plants that can

be evaluated, the collection of field data is limited. Late cultivar

selection, characterization of cultivars, and selection of parent

material for a breeding program may be more suited for these types

of field and greenhouse measurements.
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FORWARD

This dissertation is presented in three sections. Each is

designed to stand by itself as an article that would be submitted for

publication in a professional journal. Dissemination of material pre-

sented in a thesis is often limited. Therefore, it is hoped by present-

ing the material, as we have here, a greater number of individuals

will be exposed to the data and procedures herein.



RELATIONSHIPS BETWEEN NET CARBON EXCHANGE
AND ASSOCIATED ENVIRONMENTAL AND

PHYSIOLOGICAL FACTORS IN SOFT WHITE
WINTER WHEAT (TRITICUM AESTIVUM L.)

NET CARBON EXCHANGE AND TRANSPIRATION OF WINTER
WHEAT CULTIVARS UNDER VARYING LEVELS OF LIGHT

Abstract

Several cultivars of soft white winter wheat that had been field

vernalized, were used to determine NCE, transpiration, and mesophyll

and leaf resistances to CO2 diffusion under several light regimes

ranging from 210 to 1850 Ile m -2
s

-1

Yamhill differed from other cultivars tested, exhibiting lower

mesophyll resistance to CO2 diffusion and higher NCE rates when

measured below a quantum flux of 600 µe m -2
s

-1 (2, 800 ftc). There

were no significant differences between cultivars in transpiration

rates and leaf resistances to CO2 diffusion under any light regime.

Mesophyll resistance to CO2 diffusion was highly correlated to

and contributed the most to total CO2 diffusion resistance. Addition-

ally, as light quanta was increased from 210 to 800 µe m-2 s
-1,

CO2

diffusion resistance dropped 14 sec cm -1 in the mesophyll component

as compared to 1.1 sec cm-1 in the leaf component

The use of NCE rates under low light radiation to distinguish

between high yielding winter wheat cultivars in the Willamette Valley,



Oregon, where low light conditions prevail during most of the growing

season of winter wheat, appeared promising.

Introduction

There are many reports which deal with the response of a

species to varying environmental conditions and the subsequent effect

on NCE. Hesketh (1963) varied radiation flux density and measured

resulting NCE in sugar cane, tobacco, red clover, and philodendron.

Similar work has been done with other important factors in wheat

(Osman, 1971), corn (Barlow, 1974a) and sorghum (McCree, 1974).

Identifying differences in NCE between cultivars of a particular

species has been another approach used by investigators. In those

experiments, environmental conditions, such as light and temperature,

were held at optimum conditions while measurements were made.

Criswell (1971), for example, tested the differences in NCE between

20 cultivars of oats using light saturated conditions and optimum leaf

temperatures. The use of net carbon exchange measurements as a

tool for selecting parents and progeny in a plant breeding program has

received increasing attention by other authors (Criswell, 1971;

Dornhoff, 1970; Lupton, 1969; Zelitch, 1973).

Information concerning differences in cultivars of wheat ad

similar plants in terms of NCE and transpiration changes as influenced

by varying environmental parameters is generally lacking. Data



concerning this genetic-environment interaction is needed. For

example, in the Willamette Valley, Oregon, during much of the life

cycle of winter wheat there exists a condition of low light flux. Light

quanta (400-700 nm) will normally be less than 400 µe m 2
s

-1 up to

the spike emergence stage of development. Consequently, the seed

yield components, kernels per spike and spikes per unit area, are

determined during or subsequent to low light conditions. Since these

two components of seed yield appear to be very important in determin-

ing winter wheat yield (Daaloul, 1974; Kronstad, 1963; Solen, 1973),

and development of these are in part affected by photosynthetic activity,

it was desirable to investigate NCE differences between cultivars under

varying light quanta.

The objectives of this investigation were: 1) identify the differ-

ences between cultivars in net carbon exchange capacity, transpiration,

and leaf and mesophyll resistance to carbon dioxide diffusion under

different levels of light quanta; and 2) relate these differences, if

they exist, to seed yield capacity.

Materials and Methods

Four soft white winter wheat cultivars (Hyslop, Yamhill, Luke

and Nugaines) were used in this trial. During March, field vernalized

plants were transplanted into 12.5 x 12.5 cm pots, placed in a green-

house for 5 weeks and allowed to head under 25 C days and 15 C nights,



12 hour days. Four plants of each cultivar, , at the same phenological

age (spike emergence), were selected. The flag leaf of the primary

tiller from each plant was used for subsequent measurements.

Net carbon exchange (NCE), transpiration (TRANS), mesophyll

resistance to CO2 diffusion (MRCO2) and leaf resistance to CO2

diffusion (LRCO2) were calculated from data collected using a system

described by Barlow (1974a). Transpiration data were collected using

a Cambridge dew point hygrometer instead of the differential hygro-

meter used by Barlow.

The leaf assimilation chamber was water-jacketed to maintain a

leaf temperature of 25 C t 2 C. The air flow through the chamber

was 3.45 1 min-1. Humidity was maintained at 54% t 5%. A fan was

used inside the leaf chamber to provide air mixing and a constant

boundary layer around the leaf. Leaf temperature was measured to

within 0.1 C using a copper -constatine thermocouple located against

the abaxial side of the flag leaf.

Light was supplied by a 2500 watt xeon arc lamp (Jarman, 1975).

Light regimes generated (400-700 nm) were 210, 400, 600, 800, 1000,

1200 and 1850 Ile m s
-2 -1

. These can be converted to footcandles by

using a multiplication factor of 4.69 ftc per µem 2
s

1 or to calories
-2 -1(full sun + sky radiation spectrum) by 24.37 µe m s per

-2 -1cal m hr (Barlow, 1974b). Forty-six percent of the radiation

generated from the xeon arc lamp was between 400 and 700 nm. The
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spectral distribution of the lamp was very similar to sun plus sky

radiation, especially when considering the blue, red and far-red

spectral balance.

Carbon dioxide diffusion resistances were calculated from NCE

and transpiration data. Total resistance to CO2 diffusion (TRCO2)

was separated into three classes: 1) boundary layer resistance

(BRCO2); 2) LRCO2, and 3) MRCO2. Boundary layer resistance was

set at 0.56 s cm-1 after Zelitch (1971) which takes into consideration

air movement and leaf width.

Total resistance to CO2 diffusion in s cm -1 was calculated by

taking the difference between atmospheric and chlorophyll concentra-

tions of CO
2

(assuming 40 vpm as the CO2 compensation point for

wheat) and dividing by NCE. Leaf resistance to CO2 diffusion

(stomatal + cuticle) was calculated in the same manner, using

transpiration rates and water vapor gradients from within the leaf to

the atmosphere. A correction term of 1.60 (Gaastra, 1959) was used

to convert water vapor diffusion resistance to CO2 diffusion resistance..

Mesophyll resistance to CO2 diffusion was the numerical residue

after LRCO2 and BRCO2 were subtracted from TRCO2. For further

details on the above calculations, consult Barlow, 1974a.

After the flag leaf was placed in the assimilation chamber, each

light regime was imposed starting at the lowest radiation. Reversing

the order, i. e. , starting from the highest radiation, did not affect the
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NCE rate observed at a given light intensity. At each light level, the

flag leaf NCE was allowed to come into equilibrium, normally 10-15

minutes, before a measurement was recorded. Leaf area was

determined immediately after the last NCE measurement had been

completed. Each plant represented one observation. There were

four observations per cultivar across all light regimes.

Results

Net Carbon Exchange

There were no significant differences (P < , 05) in NCE

between cultivars above 600 -2 -1m s (Table 1). However, Yamhill

was significantly higher than the other cultivars at 210 Ile m2 s
-1 and

significantly higher than Hyslop and Luke at 400 Ile m2 s-1.

Luke and Nugaines had similar light saturation curves.

Yamhill appeared to saturate at lower light energy, whereas, Hyslop

showed continuing increases in NCE as light energy increased up

through 1850 Ile m -2
s

-1 (Table 1).

The light saturation curve of NCE, with cultivars grouped

together, is presented in Figure 1. Utilizing the highest rate of NCE

at 1850 Ile m-2 s
-1 and subtracting the least significant range for two

means, places light saturation between 1000 and 1200 p.e m2 s
-1

(approximately 46 cal m-2 hr -1). This value is similar to that



Table 1. Net carbon exchange rates (mg dm-2 hr -1) of four cultivars of soft white winter wheat as
affected by increasing light quanta. (n = 4).

Cultivar

,Light Quanta tile m -2
s

-1
)

210 400 600 800 1000 1200 1850

Hyslop 8.68 ya 1 14.28 yb 19.18 xc 21.45 xde 23.80 xef 25.85 xfg 28.45 xg

Yamhill 15. 28 xa 20.03 xb 22.48 xb 24.60 xbc 28.65 xcd 30 . 78 xd 31.65 xd

Luke 9.10 ya 12.33 ya 16.08 xb 21.05 xc 13. 15 xcd 24. 88 xcd 26. 95 xd

Nugaines 10.60 ya 15.88 xyb 19.28 xbc 23.48 xcd 25.23 xde 26.73 xde 29.65 xe

Average 10.16 a 15.63 be 19.24 cd 22. 65 df 25.21 fg 27.06 gh 29. 18 h

'Values followed by the same letter (x-y for columns, a-h for rows) are not significantly different
at the 5% level of probability according to the Least Significant Range test (LSR).



reported by Osman (1971) under controlled environmental conditions,

but higher than the approximately 35 cal m
2 -1hr reported by Lupton

(1969) under field conditions.

Transpiration

Cultivars did not differ significantly (P < . 05) in transpiration

rates under any of the light regimes (Table 2). Combining the trans-

piration rates across cultivars, showed a significant (P < .05) and

nearly linear increase in transpiration rate with each increase in light

radiation (Figure 1). Regressing light quanta on transpiration rate,

indicated that the relationship was:

TRANS (mg dm-2 min -1 ) = 1.38 + (.00179 x light quanta)

This conclusion may be misleading. Close inspection of the

data indicated that variation in water vapor pressure gradients from

within the leaf to the surrounding atmosphere were significantly

related to transpiration rate. This difference between internal leaf

vapor pressure and atmospheric vapor pressure is directly related to

differences between leaf and air temperature. As light energy

increased, leaf temperature increased slightly faster than air tempera-

ture thus increasing vapor pressure gradients between the leaf and

atmosphere. It is therefore possible that light had an indirect effect

on transpiration via temperature and hence vapor pressure.



-2 -1Table 2. Transpiration rates (mg dm min ) of four cultivars of soft white winter wheat as
affected by increasing light quanta. (n = 4).

Cultivar

-
Light Quanta Ole m

-2
s -1)

210 400 600 800 1000 1200 1850

Hyslop

Yamhill

Luke

Nugaines

Average

11.50 xa

2.26 xa

1.57 xa

1.80 xa

1.78 a

1.92 xb

2.70 xb

1.81 xa

2.24 xb

2.45 ad

2.46 xc

2. 99 xc

2.29 xb

2.69 xc

2.61 bc

2.75 xc

3.36 xd

2.76 xc

3.05 xd

2.98 cd

3.11 xd

3.68 xe

3.11 xc

3.42 xe

3.33 de

3.51 xd

4.24 xf

3.61 xd

3.83 xf

3.80 of

4.05 xe

5.06 xg

4.46 xe

4.81 xg

4.60 f

'Values followed by the same letter (x for columns, a-g for rows) are not significantly different at
the 5% level of probability according to the Least Significant Range test (LSR).



Figure 1. Average leaf NCE and transpiration with increasing light quanta in
winter wheat seedlings. (n = 16).
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Carbon Dioxide Diffusion Resistance

Mesophyll resistance to CO2 diffusion and LRCO2 were

calculated to elucidate the mechanisms that restricted NCE. Cultivars

did not significantly (P < .05) differ in LRCO2 at any light intensity

(Table 3). Additionally, above 600 Ile m-2 s
-1, cultivars did not

significantly (P < .05) differ in MRCO2 (Table 4). There were how-

ever, significant differences between cultivars below 600 µe rn -2 s -1.

Mesophyll resistance to CO2 diffusion for the cultivars in descending

order at 210 -2 -1fie m s (P < .05) were:

Hyslop < Luke < Nugains and Yamhill

and at 400
-2 -1

Ile m s (P < .05):

Hyslop < Nugains and Yamhill

Across all light regimes, disregarding cultivar, MRCO2 was

significantly (P < .01) higher than LRCO2 (Figure 2). Total

resistance to CO2 diffusion, which includes BRCO2 in Figure 2, was

significantly (P < .01) correlated (r = 0.995) to LRCO2.. Mesophyll

resistance to CO
2

diffusion significantly (P < .01) decreased with

increasing light quanta up to 600 Ile m
-2

s -1. Leaf resistance to CO2
-2 -1

diffusion decreased significantly (P < .01) from 200 to 400 Ile m s

but did not significantly decrease above 400 fle m-2 s
-1.



Table 3. Leaf resistance to CO2 diffusion (sec cm-1) of four cultivars of soft white winter wheat
as affected by increasing light quanta. (n = 4).

Light Quanta (Ile m-2 s
-1)

Cultivar 210 400 600 800 1000 1200 1850

Hyslop 2.42 xa 1 1.96 xa 1.57 xa 1.48 xa 1.38 xa 1.30 xa 1.36 xa

Yamhill 1.63 xa 1.41 xa 1.38 xa 1.37 xa 1.33 xa 1.23 xa 1.20 xa

Luke 2.56 xa 2.34 xab 1.90 xbc 1.58 xc 1.44 xc 1.37 xc 1.32 xc

Nugaines 1.99 xa 1.75 xa 1.49 xa 1.40 xa 1.29 xa 1.26 xa 1.22 xa

Average 2.18 a 1.86 b 1.58 b 1.46 b 1.36 b 1.29 b 1.27 b

1 Values followed by the same letter (x for columns, a-c for rows) are not significantly different at
the 5% level of probability according to the Least Significant Range test (LSR).



Table 4. Mesophyll resistance to CO2 diffusion (sec cm-1) of four cultivars of soft white winter
wheat as affected by increasing light quanta. (n = 4).

,Light Quanta (Ile m -2
s

-1
)

Cultivar 210 400 600 800 1000 1200 1850

Hyslop 25.70 xa 1 15.40 xb 10.05 xb 9.02 xb 8.52 xb 7.78 xb 7.01 xb

Yamhill 14.48 za 8.72 yb 8.01 xb 7.25 xbc 6.29 xc 5.77 xc 5.50 xc

Luke 19.38 ya 13.84 xyb 10.50 xc 8.34 xcd 7.64 xd 7.02 xd 6.43 xd

Nugaines 16.54 za 10.74 yb 8.93 xc 7.24 xd 6.80 xd 6.40 xd 5.76 xd

Average 19.03 a 12.17 ab 9.37 b 7.96 b 7.31 b 6.74 b 6.17b

1 Values followed by the same letter (x-z for columns, a-d for rows) are not significantly different
at the 5% level of probability according to the Least Significant Range test (LSR).



Figure 2. CO2 diffusion resistances in winter wheat as influenced by light quanta.
(n = 16).
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At a light level of 900 Ile m-2
s -1 , which is considered by many

to be light saturating for NCE, the coefficient of multiple determina-

tion (R2) was 0.78 when MRCO2 was added to a multiple regression

equation on TRCO2. Leaf resistance to CO 2
diffusion added 0.16 to

R2. This would indicate that MRCO2 was the best indication of TRCO2

in the regression model and was closely related to NCE.

Components of Yield

Regression and path coefficient analysis of field data from

another experiment were used to assess the importance of each seed

yield component within each cultivar (Table 5). Seed yield in Yamhill

was very dependent on the number of spikes per unit area and the

number of kernels per spike. Yield in Hyslop and Luke was more

dependent on the number of spikes per unit area, while Nugaines

depended equally on the number of spikes per unit area, the number

of kernels per spike and seed weight.

Discussion

Net carbon exchange in Hyslop continued to increase with

increasing light quanta from 100 to 1850 µe m-2 s- 1. Full sunlight
-

generates approximately 1900 to 2000 Ile m -2
s

1. The other cultivars

did not increase in NCE across the same light range. However, the

importance of this continued increase of NCE in Hyslop may not be



Table 5. Path coefficient analysis of the direct and indirect influences of spikes per unit
area, kernels per spike and kernel weight on seed yield of four cultivars of
winter wheat, Corvallis, Oregon, 1974. (n = 10).

Type of Effect Hyslop Yamhill Luke Nugaines

Spikes /Area
Direct
Via Kernels /Spike
Via Kernal Weight

0.969
-0.071
0.031

0.930
0.008

-0.335

0.906
0.013

-0.100

0.721
0.270

-0.203
Total Correlation .93 ** .60 ns 82 ** .77 **

Kernels /Spike
Direct 0.392 0.883 0.558 0.702
Via Spikes /Area 0.078 -0.353 -0.163 -0.209
Via Kernel Weight -0.008 -0.013 -0.005 -0.140

Total Correlation .46 ns .52 ns .39 ns .35 ns

Kernel Weight
Direct 0.109 0.068 0.026 0.311
Via Spikes /Area -0.603 0.112 0.444 0.627
Via Kernels /Spike -0.027 -0.167 -0.106 -0.315

Total Correlation - .55 ns .01 ns .36 ns .62 ns

Coefficient of Determination .997 .996 .989 .990

**Significant at the 1% level of probability.
ns Not significant.



17

significant in terms of cultivar NCE performance, since at the higher

light energies, there were no significant differences in absolute NCE

rate between cultivars.

Cultivar NCE performance at the lower light levels appear more

important. Yamhill had significantly higher NCE rates at the lower

light energies than the other cultivars. Ya,mhill is also considered

to have a higher seed yielding potential in the Willamette Valley than

the other cultivars tested. This yield potential is highly dependent

on the number of kernels per spike which developes under low light

conditions found in the valley prior to spike emergence. Fisher (1974)

working with wheat, reported that shading during selected periods of

growth restricted yield. One of those critical periods occurred just

prior to and during spike emergence.

The higher NCE rates in Yamhill that are expected under low

light conditions may explain this cultivar's capacity for higher seed

yield. This higher NCE rate may have favored an increase in the num-

ber of kernels per spike and thus seed yield. Additionally, the num-

ber of spikes per unit area also significantly influences yield capacity

in the wheat tested. Again, this yield component developes under low

light conditions, and in Yamhill may have been favored by the expected

high NCE rates.

Yamhill appeared to have a greater transpiration rate than the

other cultivars throughout all light regimes (Table 2). However, due
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to a large experimental error, it could only be separated from the

other cultivars at a probability of less than 25%, using a sum of

squares simultaneous test procedure (SS-STP) proposed by Gabriel

(1962). The trend towards higher transpiration, even though not sig-

nificant statistically, may explain why Yamhill does not perform as

well on a dry, non-irrigated site where moisture is limiting, com-

pared to a site with more available water (Keim, 1974).

Differences between cultivars in MRCO2 were noted under low

light conditions, but these differences were not related to cultivar

yield potential or any of the yield components. However, it was shown

that with increasing light quanta, under the conditions of this experi-

ment, MRCO2 was the major resistance to CO2 fixation. Leaf

resistance to CO
2

diffusion was significantly lower than MRCO2 and

was relatively unchanged across the light regimes tested.

The results show that a higher seed yielding wheat cultivar,

Yamhill, grown under low light conditions in the field prior to spike

emergence, had a higher NCE rate under similar low light regimes

imposed under laboratory conditions. Results such as this and work

by others suggest that evaluation of the performance of crop plants

should be conducted in certain situations, at other than optimum con-

ditions. Delaney (1974) e. g. , working with alfalfa, noted a depression

in NCE in some cultivars due to super optimum temperature conditions

which appeared to be related to productivity. Zelitch (1971), in his
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review of photosynthesis and productivity amply documents similar

environmental factors relating to net carbon exchange and plant pro-

ductivity. It seems reasonable that measurement of NCE, transpira-

tion and related functions must be conducted in such a manner as to

reflect environmental conditions found under actual field situations.

This would be especially true if such measurements are to be used for

plant selection in a breeding program.
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INTER-RELATIONSHIPS OF NET CARBON EXCHANGE,
TRANSPIRATION, VASCULAR TISSUE AND
ENVIRONMENTAL FACTORS IN SEVERAL

CULTIVARS OF WINTER WHEAT

Abstract

Net carbon exchange (NCE), transpiration, leaf hydration, leaf

temperature and vascular tissue areas of the fifth leaf of four winter

wheat cultivars were determined under greenhouse conditions. The

relationships among the variables for the various cultivars were sub-

sequently evaluated.

Path coefficient analysis indicated a direct and significant

< .01) correlation between NCE rate and leaf temperature in the

cultivars, Hyslop and Luke. A positive relationship between leaf

temperature and leaf hydration appeared to have the most influence on

NCE in Yamhill and White Holland. NCE rates in Nugaines were

equally influenced by light quanta and leaf temperature.

Transpiration rates were highly correlated to light quanta

reception in Hyslop and Like, whereas transpiration rates of Yamhill,

White Holland and Nugaines were directly correlated to leaf tempera-

ture. Relative humidity of ambient air was not as strongly associated

with transpiration rates as light quanta reception and leaf temperature.

Observed NCE rates were adjusted to a set of environmental and

physiological parameters thought to predominate during early wheat
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spike development. The higher yielding Hyslop and Yamhill had

significantly higher adjusted leaf NCE rates than the lower yielding

Luke. White Holland, the lowest yielding cultivar, also had the lowest

adjusted leaf NCE rate.

It is suggested that measurements of NCE, transpiration and

other physiological factors be conducted in such a way that environ-

mental and physiological parameters interact, thus offering a greater

opportunity for realistic appraisal of the inter-relationships of these

factors and plant response.

Introduction

Net carbon exchange (NCE) and transpiration react to parameters

such as plant hydration, light radiation, and temperature in controlling

wheat growth. The magnitude of variation of these factors and their

inter-relationships are important in understanding what happens under

field conditions. Identification of significant differences of these

various factors between cultivars may also assist in the selection of

superior lines.

The comparison of NCE and transpiration between cultivars of

wheat and similar plants has normally been conducted with constant

and/or optimal environmental conditions being imposed (Criswell,

1971; Dornhoff, 1970; Teare, 1972). The disadvantages of this

approach are twofold: 1) Optimal conditions may be ill-defined and not
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relevant in terms of the expected field environment in which the

cultivar would be grown; and 2) Strong interactions between factors

such as light energy and plant temperature may be altered, creating

associations between the plant and environment which may be artificial

and ignore the dynamic nature of such associations. Consequently,

the risk of an artifact or improper conclusion is greatly enhanced.

An alternative to this type of approach is to allow the

environmental factors to fluctuate naturally. The resulting NCE and

transpiration rates would then be observed as those factors change

(Baker, 1972). This then allows environmental inputs to interact more

naturally, thus producing more realistic plant responses.

The relative sensitivity of a particular cultivar's NCE or

transpiration rate to specific environmental factors is important

information when considering a selection program for a particular

environment. Plant breeders must consider such obvious factors as

drought tolerance, over-wintering ability, disease resistance, etc. ,

depending on plant use. When physiological criteria such as NCE are

used as a selection tool, similar considerations must be employed in

terms of realistic environmental parameters. Evaluation between

wheat cultivars under high light conditions would not be appropriate if

much of the life cycle of the plant occurs under low light regimes.

Alternately, NCE may be important to seed yield particularly during

certain critical periods of plant growth, say the differentiation of
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seeds in the spike in wheat (Fisher, 1974). It would therefore be

important to evaluate NCE under those conditions that would be

expected during critical periods of growth.

The determination of maximum NCE and transpiration potentials

is slow and time consuming. There have been attempts to identify

characteristics which relate to these processes such as specific leaf

weights (Chatterton, 1973) and palisade layer thickness (Delaney,

1974). The relative area of the conducting tissues of the xylem and

phloem may be another possible method for identifying plants with

higher maximum potential rates, if these vascular areas are physi

cally restrictive. The collection and evaluation of vascular areas

were compatible with this experiment and were threrfore incorporated

with other measurements.

The objectives of this investigation were to: 1) Evaluate the

relative importance of factors influencing NCE and transpiration

between cultivars of soft white winter wheat; 2) Test a method for dis-

tinguishing cultivar differences in NCE and transpiration, allowing

environmental factors to freely fluctuate; and 3) Determine relation-

ships between vascular tissue areas, NCE and transpiration rates.



Materials and Methods

Plant Material
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Plants from five cultivars of soft white winter wheat (Hyslop,

Yamhill, Luke, White Holland and Nugaines) that had been field

vernalized, were transplanted into 12.5 x 12.5 cm plastic pots in

March. They were allowed to climatize in a greenhouse for three

weeks at 25/15 C (day/night), 12 hour days. Plants that had the sixth

leaf emerged and unfolded were selected for apparent phenological

equivalency. The fifth leaf was subsequently used for measurement.

Plants were watered with a modified Hoagland's solution, three times

a week.

Physiological Measurements

A system previously described (Appendix III) was used for NCE

and transpiration measurements. Leaf temperature, light quanta and

relative humidity were allowed to fluctuate, and recorded sirnultan-

eously with appropriate NCE and transpiration data. Measurements

were taken throughout the day, with each cultivar selected at random.

Sampling was conducted in such a way that a cultivar had at least one

mid-morning and one mid-afternoon measurement on each day the test

was conducted with an average of three readings per cultivar per day.



27

There were two assimilation chambers which allowed the

measurements of one leaf while the next leaf was equilibrating. Six

measurements per hour could be made using this approach. Air flow

through the assimilation chamber was 700-800 mi./min.

The measurement procedure was as follows: 1) The fifth leaf of

a selected plant was placed into the assimilation chamber and allowed

to equilibrate for 10 min; 2) Appropriate NCE, transpiration, leaf

temperature, light quanta and relative humidity data were recorded;

3) The portion of the leaf inside the chamber was removed, excised,

and the area recorded using leaf length x width measurements; 4) A

leaf water status measurement was made on the excised leaf using the

pressure bomb technique (Blum, 1973; Waring, 1967); and 5) A sec-

tion of the leaf remaining on the plant (approximately 2 cm) was

excised and placed in an FAA (formalin-aceticacid-alcohol) fixing

solution to preserve the sample for vascular tissue area measurements

as described below.

Vascular Tissue Measurements

Five representative leaf samples (step 5 above) of each cultivar

were used to calculate vascular tissue areas. The material was pre-

pared for microscopic examination by an automated method devised by

Dobrenz (1974). Leaf cross-sections, stained with saffrin and fast-

green, were placed under a microscope, and a 35 mm black and white



28

(Kodak Panatomic X) negative was taken of each vascular bundle.

Each role of film included a frame with a length standard obtained

from a calibration stage micrometer.

The negatives were mounted in 5 x 5 slides and projected onto a

sheet of paper, where tracings were made of the vascular bundle

tissue. A line was drawn along the protophloem and edge of the

vascular tissue to delineate the phloem tissue. Individual xylem ele-

ments which appeared void of cytoplasmic material, thus presumed

functional, were traced and used as the xylem component. The cir

cumference of the entire vascular bundle was traced and used to cal-

culate total vascular area.

Vascular bundle and phloem areas were collected using a

planemeter and associated tracings. Since the xylem elements were

nearly round and plentiful, averaging four elements per vascular

bundle, diameters of these were taken and the areas subsequently

calculated. Leaf widths and number of vascular bundles per cross-

section were also noted.

Total vascular, phloem and xylem areas per leaf cross-section,

average vascular, phloem and xylem areas per vascular bundle and

average vascular bundle, phloem and xylem area per mm leaf width

were subsequently determined. All areas are reported in 10 -3 mm 2

units..
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Adjustments in NCE and Transpiration Rates

Stepwise regression analysis was utilized to identify the factor(s)

which best described changes in NCE and transpiration rates in each

of the cultivars tested (Appendix II). Only one factor in each cultivar

was significant in terms of addition to the regression model because of

the close relationships between the independent variables of the

regression. Accordingly, adjustments of NCE in Hyslop and Luke

were made with leaf temperature, with light quanta in Yamhill and leaf

pressure potential in White Holland and Nugaines. Transpiration

rates in Hyslop, Yamhill and Luke were adjusted using light quanta.

Leaf temperature was used for adjusting transpiration rates in White

Holland and Nugaines.

Adjustment in NCE of one of Yamhill's observed NCE rates

provides a good example. The relationship was:

NCE = 0.461 + (0.22 x light quanta)

If an observation of an NCE rate of 10.0 mg dm-2 hr -1 was made at

400 1.te m
2

s -1, it was adjusted to 600 Ile m
-2

s
-1 by multiplying the

slope of the regression by the differences in light quanta and then

adding that quotient to the original observation, e. g. ,
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Adjusted NCE = 10.0 mg dm - hr -1

- - 2
+ [(600-400) lie m2 s

-1 x 0.022 mg dm 2 1hr m s 1]

= 10.0 mg dm -2 hr -1 + 4.4 mg dm 2 hr -1

= 14.4 mg dm -2 hr -1

Statistical Analysis

Where appropriate, the analysis of variance, least significant

range test (LSR) (Sokal, 1969), simple and multiple correlation coeffi-

cient and stepwise multiple linear regression analysis (Beaton, 1964;

Dempster, 1969; Li, 1964) were calculated with the aid of the Oregon

State University OS-3 computer statistical subsystem, 'SIPS'.

Results and Discussion

Net Carbon Exchange

Light quanta interception, leaf temperature, transpiration and

leaf hydration were all correlated to NCE in all cultivars (Table 1).

Relative humidity of the surrounding atmosphere was not significantly

correlated to NCE in any cultivar. Maximum and minimum values for

the parameters measured are presented in Table 2.

Path coefficient analysis (Durante, 1972; Li, 1956) showed that

there was a strong and direct correlation between leaf temperature

and NCE (Figure 1). Net carbon exchange increased as leaf



Table 1. Simple correlation coefficients among physiological, and environmental factors of five
cultivars of winter wheat, 1974.

Cultivar

Leaf
Leaf Relative Pressure

Temperature NCE Transpiration Humidity Potential

Hyslop Light
n = 13 Leaf temperature

NCE
Transpiration
Relative humidity

Luke Light
n = 12 Leaf temperature

NCE
Transpiration
Relative humidity

Yamhill Light
n = 12 Leaf temperature

NCE
Transpiration
Relative humidity

White Light
Holland Leaf temperature
n= 12 NCE

Transpiration
Relative humidity

.82 **1

.57 ns

.78 4*

.89 **

.83 **

.93 **

.72 *4

. 88 **

. 84 * *
. 80 *4

. 81 **

. 76 4*

. 91 **

. 83 4*

.86 *4

.79 **

. 68 *

. 78 **

. 76 *4

. 74 *4

.79 **:

. 89 **

. 85 *4

.58 *
.48 ns
.50 ns
.56 *

. 42 ns
. 31 ns
. 39 ns
. 41 ns

. 48 ns

.44 ns

. 57 ns
. 58 *

.53 ns

.32 ns
. 41 ns
.28 ns

. 65 *
.82 *4
.80 *4
.65 *
.27 ns

. 36 ns
. 80 4*
. 72 **
. 47 ns

-.14 ns

.68 *

. 90 **
.82 *4
.57 ns
, 27 ns

.81 **

.86 **

.88 **
83 *4

.29 ns



Table 1. Continued.

Leaf
Leaf Relative Pressure

Cultivar Temperature NCE Transpiration Humidity Potential

Nugaines Light .44 ns .76 * .31 ns .37 ns .69 *
n = 10 Leaf temperature .80 ** .92 ** .37 ns .89 **

NCE .76 * .59 ns .89 **
Transpiration .39 ns .81 **
Relative humidity .42 ns

Overall Light .72 ** .75 ** .71 ** .44 ** 57
n = 59 Leaf temperature .84 ** .81 4":5 .40 ** .81 **

NCE .79 ** .51 ** .74 **
Transpiration .44 ** .63 **
Relative humidity .16 ns

1 *= 5% level.
** = 1% level.
ns = No significance.



Table 2. Maximum, minimum, average and standard error of the mean for NCE, trans-
piration, light quanta, leaf temperature, relative humidity and leaf pressure
potential for winter wheat under greenhouse conditions, April, 1974. (n = 59).

Factor Maximum Minimum Average
Standard

Error

NCE (mg dm-2 hr 1) 22.8 0 . 6 8.0 0.8

Transpiration (mg dm -2 min -1
) 25.9 0.0 6.3 0.8

Light quanta (Ile m-2 s
-1) 640.0 1.0 170.0 20.6

Leaf temperature (C) 31.1 12.2 20.4 0.7

Relative humidity (%) 65.5 46.0 52.5 0.5

Leaf pressure potential (-bars) 17.6 2.8 10.5 0.5



Figure 1. Direct effects and associations of factors influencing
net carbon exchange and transpiration in winter wheat
under greenhouse conditions.
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temperature went from approximately 12 to 31 C (Figure 2). This is

in direct conflict with data published by Murata (1973) and Joliffe

(1968) as presented by Zelitch (1971). They reported a decline in

wheat NCE as temperature increased from 15 to 30 C.

The method used in this experiment may account for the conflict-

ing data, No attempt was made to hold any of the variables constant,

including leaf temperature. Interactions between related factors such

as light quanta, air temperature, leaf pressure potential and trans-

piration were allowed. All of these factors were strongly interactive

(Table 1) and either directly or indirectly influenced NCE, depending

on cultivar.

Utilizing the above approach, differences in cultivar NCE

responses were evaluated (Table 3).

There was a significant and positive relationship between leaf

temperature and NCE rate in Hyslop and Nugaines. Light quanta and

leaf hydration also had a significant correlation with NCE. However,

leaf temperature was the factor most directly related to NCE, with the

influence of light quanta and leaf hydration being realized through this

temperature component.

Luke had significant correlations between leaf temperature,

light quanta, leaf hydration and NCE. However, in Luke, all of the

factors were equally related to NCE. Due to this balanced effect on

NCE, factor interaction was not as important in this cultivar.



Figure 2. Relationship between leaf transpiration and temperature in winter wheat in the
sixth leaf stage under greenhouse conditions. Corvallis, Oregon, 1974. (n = 59).

r = . 81**

Y = -14.4 + 1.06X
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x

18.3 22.5 26.7
Temperature (C)



Table 3. Path coefficient analysis of the direct and indirect influence of several factors upon NCE in
five cultivars of winter wheat under greenhouse conditions, 1974.

Type of Effect Hyslop Luke Yamhill
White

Holland Nugaines Overall

Light Quanta
Direct
Via/Leaf temperature
Via/Relative humidity
Via/Leaf pressure potential

Total Correlation

Leaf Temperature
Direct
Via/Light quanta
Via/Relative humidity
Via/Leaf pressure potential

Total Correlation

Relative Humidity
Direct
Via/Light quanta
Via/Leaf temperature
Via/Leaf pressure potential

Total Correlation

.188

.521

.028

.092

.83 **

.636
.154
.024
.116
.93 **

.049

.109

.305

.038

.50 ns

1

.307

.225

.079

.116
.73 *4:

.394
.175
.058
.258

.89 **

.187
.129
.122

-0.45

.39 ns

.492
-.337
.151
.534

.84 **

-.432
.384
.139
.707

.80 **

.315

.236
-.190
.212

.57 ns

.392
-.261
.037
.646

. -81 **

.293
.350
.022
.685

.-76 * *

.070

.208
-.094

.231

.42 ns

.371

.170

.084

.130

.76 * *

.387

.163

.090

.151

.79 **

.226

.137

.143
.079

.59 ns

.240

.264

.091

.156

. 75 **

.367
.173
.083
.219

.84

.208

.106

.147

.044

.51 ns



Table 3. Continued.

Type of Effect Hyslop Luke Yamhill
White

Holland Nugaines Overall

Leaf Pressure Potential
Direct .144 .323 .785 .797 .189 .274
Via/Light quanta .122 .111 .335 .318 .256 .137
Via/Leaf temperature .522 .315 -.389 -.252 .345 .297
Via/Relative humidity .013 -.026 .085 .020 .095 .033

Total Correlation .80 ** .72 ** .82 ** .89 ** .89 ** . 74 **

Coefficient of Determination (R 2) .88 .87 .89 .82 .86 .80

n = 13 12 12 12 10 59

1 = 5% level of probability.
*); = 1% level of probability.
ns = No significance.
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Yamhill and White Holland had a high degree of association

between leaf hydration and NCE. An increase of leaf temperature

coupled with a decrease in leaf hydration caused the NCE to decline.

It is interesting to note that the effect of leaf temperature on NCE

was expressed through leaf hydration (Table 3).

There were two phenotypes represented by the cultivars tested.

Hyslop, Nugaines and Luke were semi-dwarfs with straight, errect

flag leaves and awned spikes. Yamhill and White Holland were more

standard in height, had large, floppy flag leaves and awnless spikes.

The semi-dward's NCE responded positively to leaf temperature,

while the taller cultivarts leaf NCE was reduced by increasing tem-

perature. Additionally, a loss of leaf hydration in Yamhill and White

Holland (tall cultivars) severely reduced leaf NCE.

Transpiration

Leaf temperature and NCE were positively correlated to

transpiration in all of the cultivars. There were correlations of light

quanta and leaf hydration with transpiration; however, the degree of

association varied according to cultivar (Table 1). Relative humidity

and transpiration were correlated to Hyslop and Yamhill, but not in

Luke, White Holland or Nugaines

Path coefficient analysis (Table 4) indicated that light quanta

was the major factor influencing transpiration in Hyslop and Luke.



Table 4. Path coefficient analysis of the direct and indirect influence of several factors upon trans-
piration in five cultivars of winter wheat under greenhouse conditions, 1974.

Type of Effect Hyslop Luke Yamhill
White

Holland Nugaines Overall

Light Quanta
Direct .647 .578 .366 -.059 -.226 .250
Via/Leaf temperature .271 .152 .617 .656 .337 .426
Via/Relative humidity .025 .041 .086 .001 .030 .039
Via /Leaf pressure potential -.033 .023 -.200 .193 .175 -.001

Total Correlation 9 1 * *1 79 * * 77 ** _79 ** .31 ns .71 **

Leaf Temperature
Direct .323 .267 .791 .737 .765 .592
Via/Light quanta .531 .330 .286 -.053 -.100 .180
Via/Relative humidity .022 .030 .079 .001 .030 .036
Via/Leaf pressure potential -.042 -.396 .050 .205 .226 -.002

Total Correlation .83 ** .76 * .68 * 89 .** 92 ** .81 **

Relative Humidity
Direct .045 .097 .179 .002 .081 .089
Via/Light quanta .375 .243 .176 -.031 -.084 .110
Via/Leaf temperature .155 .083 .348 .236 .283 .237
Via/Leaf pressure potential -.014 -.119 -.009 .069 .107 .001

Total Correlation .56 * .58 * .41 ns .28 ns .39 ns .44 **



Table 4. Continued.

Type of Effect Hyslop Luke Yamhill
White

Holland Nugaines Overall

Leaf Pressure Potential
Direct -.051 .063 -.440 .238 .254 -.002
Via /Light quanta .421 .208 .249 -.048 -.157 .143
Via /Leaf temperature .265 .214 .712 .634 .681 .474
Via/Relative humidity .012 -.014 .048 .001 .034 .014

Total Correlation .65 * .57 ns .47 ns .83 ** .81 ** .63 **

Coefficient of Determination (R2) .85 .74 .71 ..80 .86 . 69

n 13 12 12 12 10 59

1 *= 5% level of probability.
** = 1% level of probability.
ns = No significance.
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There was a secondary effect by light quanta in these cultivars via the

leaf temperature component.

Alternately, Yamhill, White Holland and Nugaines transpiration

rates were directly influenced by leaf temperature. The light quanta

effect on transpiration was expressed via the leaf temperature

component.

Combined Leaf NCE and Transpiration Effects

Assuming for the moment that high NCE rates are desirable, a

plant breeder may be able to select plants that adapt better to known

environmental conditions using the approach discussed here. Keim

(1974) reported that Hyslop yielded better on a drier, warmer site

than Yamhill, whereas on a wetter and cooler site they yielded about

the same. It was noted that an increase in leaf temperature in Yamhill

caused a decrease in NCE and an increase in transpiration rate

(Tables 3 and 4). It is suggested therefore, that Yamhill on the

warmer, drier site was placed under a much greater moisture and

temperature stress, reducing NCE capacity and this was ultimately

translocated into lower yield potential.

Increased light quanta reception by Hyslop caused an increase in

transpiration. Assuming the stomates did open (Slatyer, 1967), NCE

would have been expected to increase due to the reduced stomatal

resistances to CO2 diffusion. However, this light quanta-NCE
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association was not apparent. Instead, path coefficient analysis

indicated that leaf temperature had more of a "direct" influence on

NCE than light quanta reception. Additionally, leaf temperature had a

relatively small effect on transpiration and thus stomatal aperture.

One may therefore summarize that increased leaf temperature

in Hyslop caused a net increase in NCE by reducing the internal

resistances to CO2 fixation as opposed to stomatal CO2 diffusion

resistance.

Adjusted Net Carbon Exchange and Transpiration Rates

Observed NCE and transpiration rates under varying environ-

mental conditions were corrected to a standard set of conditions. The

results of such adjustments and subsequent analysis are presented in

Table 5.

Adjusted NCE rates of Hyslop and Yamhill were significantly

higher than White Holland. Additionally, NCE rates for Yamhill were

significantly higher than Luke. Increasing the number of observations

from 5 to 10, did not affect cultivar ranking. Yamhill generally had

higher adjusted NCE rates, while Nugaines and White Holland tended

to be lower (Table 5).

Adjustments in transpiration rates showed that Hyslop and

Yamhill were significantly lower than Luke and significantly higher

than White Holland.



Table 5. Adjusted NCE and transpiration rates in four cultivars of winter wheat leaves
for 600 fle m-2 s-1 light quanta, 25 C leaf temperature and -10 bars leaf
pressure potential-

Cultivar

NCE

mg dm-2 hr -1

(n = 5)

Transpiration
mg dm -2 min-1

(n = 5)

Transpir ation/
NCE

(n = 5)

NCE

mg dm-2 hr -1

(n = 10)

Hyslop 15.14 ab 1 17.80 a 70.5 a2 14.49 ab

Yamhill 18.22 a 17.58 a 57.9 a 17.39 a

Luke 12.00 b 24.90 b 124.5 b 11.97 b

White Holland 6.68 c 10.50 c 94.3 b 8.39 c

1Means within columns followed by the same letter are not significantly different at the
1% level of probability according to the Least Significant Range test (LSR).

2LSR at the 5% level of probability.
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The importance of the ratio between NCE and transpiration rate

(Zelitch, 1971) is substantiated with the data presented (Table 5).

Higher yielding cultivars, Hyslop and Yamhill, had a significantly

higher NCE to transpiration ratio than lower yielding Luke and White

Holland. The use of this ratio may therefore be a good tool for culti-

var or plant comparisons. This would be especially true if such

evaluations were made when plants were grown under water stress

conditions.

Vascular Tissue Areas

Hyslop generally had significantly greater total vascular areas

than the other cultivars (Table 6). However, there were no significant

differences between cultivars in the number of vascular bundles per

leaf cross-section. Luke was significantly smaller in leaf width than

Hyslop, Yamhill or White Holland.

Generally, correlations betw en the measured vascular areas

and rates of NCE and transpiration noted in this experiment were

lacking (Table 7). There were significant relationships among the

measured vascular areas of which a significant correlation between

leaf width and total phloem area per leaf cross-section was most note-

worthy.



Table 6. Correlation coefficients between several leaf vascular tissue areas, NCE and transpiration
in winter wheat. (n = 20).

a)
0
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a) -4-,

a) ca
0 0

..-al 5. ;_,
cd al

fat X
(I)

Ucd cd cd
a) a) 0 a) 0 en 0
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cd " cd ' cd E

a)

a)

NCE .30ns 1 .37ns . 23ns .25ns -.02ns .03ns .08ns -.21ns -.09ns -.03ns -.33ns
Transpiration .33ns -. 14ns -.21ns -.08ns .06ns -.17ns .00ns .17ns .04ns . 19ns
Leaf width .70** .71** .46* .34ns .42ns .06ns -.15ns .00ns -.34ns
Total vascular area . 94** . 86** . 80** . 80** . 54* . 60** . 62** . 34ns
Total phloem area .80** .67* .'83** .44* .49* .69** .25ns
Total xylem area .85*4' .83** .84** .66** .64** .67**
Average vascular area .90** .86** .73** .61** .63**
Average phloem area .77* . 61** .74 .52=
Average xylem area .65** .53* . 84**
Vascular area/mm leaf width 85 ** 83**
Phloem area/mm leaf width .67**
Xylem area/mm leaf width
1 *Significant at 5% level.
**Significant at 1% level.
ns Not significant.



Table 7. Relationships between various leaf vascular tissue measurements and leaf widths in
several cultivars of winter wheat.

C ultivar Vascular Phloem Xylem

Number
of

Bundles

Leaf
Width
mm

Hyslop
1

14.0 a 11.86 a
Total area/cross section 190.55 a 54.18 a 32.82 a
Average area/bundle 13.66 a 3.88 a 2.35 a
Average area/mm leaf width 16.08 a 4.58 a 2.76 a

Yamhill 14.4 a 11.88 a
Total area/cross section 149.31 ab 43.94 ab 21.84 b
Average area/bundle 10.36 b 3.05 b 1.52 b
Average area /mm leaf width 12.56 b 3.71a 1.84 b

Luke 12.0 a 8.38 b
Total area/cross section 124.53 b 33.70 b 22.06 b
Average area/bundle 10.40 b 2.82 b 1.85 ab
Average area/mm leaf width 14.83 ab 4.01 a 2.63 a

White Holland 13.6 a 10.54 a
Total area/cross section 150.24 ab 43.86 ab 25.17 b
Average area/bundle 11.10b 3.22b 1.87 ab
Average area/mm leaf width 14.26 ab 4.16a 2.39 ab

1Means within columns followed by the same letter are not significantly different at the 1% level
of probability according to the Least Significant Range test (LSR). Each mean represents 5
observations.
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COMPARISONS OF NET CARBON EXCHANGE, TRANSPIRATION
AND WATER STATUS OF WINTER WHEAT FLAG

LEAVES AND SPIKES IN VARIOUS CULTIVARS
UNDER FIELD CONDITIONS

Abstract

The response of winter wheat flag leaves and spikes, in terms of

net carbon exchange (NCE), transpiration and plant hydration, was

investigated under field conditions using a CO2 IGA analyzing system.

Flag leaf NCE was significantly reduced by increased leaf

temperature. Reduced flag leaf NCE appeared to be the result of a

more rapid increase in respiration and photorespiration than CO2

fixation with increased temperature. Light quanta had a direct and

positive effect on leaf NCE but the effect was counteracted by associ-

ated increases in leaf temperature. Responses of NCE and transpira-

tion in the spike were similar to those in the flag leaf.

Plant hydration was generally low, thus reducing overall NCE

and transpiration rates presumably through high stomatal diffusion

resistances. Variation in plant hydration during the day was not too

evident under the conditions of this field experiment. Even though

plant hydration recovered over-night, it quickly dropped to a near

steady level by mid-morning.

The lowest yielding cultivar, Druchamp, had the lowest flag leaf

NCE rate and the highest transpiration rate. Cultivars that yielded the
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same under the conditions of this experiment had similar flag leaf

NCE rates.

The use of flag leaf and spike NCE and transpiration rates

measured in the field do not appear suitable for early generation

screening in a winter wheat breeding program. Due to the small num-

ber of plants that can be evaluated, the collection of field data is

limited. Late cultivar selection and characterization of cultivars and

selection of parent material for a breeding program may be more

suited for these types of field measurements.

Introduction

Flag leaf and spike NCE during the grain filling stage of

development of winter wheat can be important in determining seed

yield capacity. There are two major sources of carbohydrates for the

kernels during this period: 1) previously stored sugars in the culms

and bases that are subsequently translocated to the kernels and 2) a

direct supply from leaf and spike photosynthetic activity (NCE).

Environmental factors including temperature, light energy, and water

availability are important in controlling the activity of photosynthesis

and translocation of carbohydrates.

According to Frank (1973), a drop in wheat leaf water potential

from -15 to -20 bars reduced leaf NCE from above 40 to approximately

10 mg dm-2 hr -1. This reduced NCE rate was attributed to an
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increase in stomatal diffusion resistance. Johnson (1974) reported

similar responses in winter wheat.

Light quanta and temperature have been demonstrated in a wide

variety of plants to control NCE in a number of ways, both through

effects on biochemical reactions such as RuDP carboxylase activity

and on physical responses such as control of stomatal aperture (Bowes,

1972; Hesketh, 1968; Murata, 1963; Pallas, 1969).

Evaluation of such parameters as light quanta, temperature,

and plant water potential on NCE and transpiration rates have for the

most part been conducted under controlled environmental conditions.

The reaction of a plant under such conditions may be far different than

those under field situations where light radiation may be higher,

diurnal variation in water stress more severe (Kramer, 1969) and

temperature extremes more drastic. Consequently, relationships

elucidated under controlled conditions may not be relevant to a field

environment (Lowry, 1968).

The objectives of this experiment were to: 1) evaluate relation-

ships between light radiation, plant temperature, plant water status,

flag leaf and spike NCE and transpiration rates under field conditions

during the grain filling stage of development and 2) evaluate differ-

ences in spike and flag leaf NCE and transpiration of winter wheat

cultivars in relation to seed yield potential.
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Materials and Methods

Four cultivars of soft white winter wheat, Hyslop (awned), Luke

(awned), Yamhill (awnless) and Druchamp (awnless) were used in this

experiment. The cultivars were planted in the fall of 1973, each in a

4 meter strip with a row spacing of 18 cm. Sixteen observations of

each cultivar were taken from plants selected at random from within

the strips.

Net carbon exchange and transpiration measurements were made

in the field with a differential gas analyzing system described in

Appendix III. An attempt was made to maintain ambient conditions in

the chamber including parameters of leaf temperature, light quanta,

air temperature and relative humidity. These were recorded simul-

taneously with appropriate NCE and transpiration data. Measurements

were conducted throughout the day for 5 days, with one-half of the

observations for a particular cultivar taken in the morning and the

remainder taken in the afternoon.

There were two assimilation chambers, one for the spike and

one for the flag leaf. While a plant spike or leaf was equilibrating in

one chamber, usually 10 minutes, NCE and transpiration data were

being collected with the other assimilation chamber. Ambient air

ranging in CO2 concentration from 310 to 340 vpm was passed through

the chambers at 800-1000 ml min-1.
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Water jackets around the chambers maintained internal chamber

temperatures to within 1.5 C of ambient air. Spike and flag leaf tem-

peratures were measured to within 0.1 C using a copper -constatine

thermocouple. Reported light quanta in Ile m-2 s
-1 (400-700 nm)

were measured using a Lamda photon sensor connected to a 24-point

strip recorder. All values were adjusted for assimilation chamber

light absorption (approximately 10%).

Xylem pressure potentials, as determined by the pressure bomb

method (Blum, 1973; Waring, 1967) were used to approximate plant

water potentials (Slatyer, 1967). Leaf pressure potentials were

determined after the flag leaf NCE and transpiration measurements

had been completed. Spike pressure potentials were conducted in a

similar manner by measuring that portion of the culm subtending the

spike approximately 2 cm. All values are reported in -bars of pres-

sure potential.

Upon completion of a pressure potential measurement, the flag

leaf was placed in a polypropylene bag and kept at -20 C until appropri-

ate leaf area measurements could be made. Leaf areas were sub-

sequently determined using a Yahashi area meter.

Flag leaf NCE and transpiration measurements are presented on

a unit area basis, while spike and flag leaf + spike measurements are

reported on an absolute or total exchange basis.
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During mid-July, after all of the wheat cultivars had matured,

10 sub-samples of 1-meter rows were harvested from each cultivar

strip. Total above ground biomass, number of spikes per m2, num-

ber of kernels per spike, 300 kernel weight and seed yield were sub-

sequently determined to evaluate cultivar differences.

Where appropriate, the analysis of variance, least significant

range test (Sokal, 1969), simple and multiple correlation coefficients,

path coefficient analysis and linear regressions were calculated with

the aid of the Oregon State University, OS-3 computer statistical sub-

system, 'SIPS'.

Results and Discussion

Flag Leaf Relationships

Flag leaf NCE was significantly reduced (R = -0.75) as leaf

temperature increased throughout the day (Table la, Figure 1).

Increases in the transpiration rate were also noted with increasing

temperature (Figure 2). However, due to the relatively small changes

in transpiration rates throughout the day, it is suggested that changes

in leaf resistances to diffusion, or more specifically, changes in

stomatal apertures, were also relatively small (Slatyer, 1967). The

noted changes in transpiration rates may have been a result of

increased water vapor pressure gradient from within the flag leaf to



Table la. Correlation coefficients of several factors related to flag leaf net carbon exchange and
transpiration rates of winter wheat under field conditions, Corvallis, Oregon, 1974.
(n = 64).

Transpiration Time of Day Temperature Light Quanta
Leaf Pressure

Potential

NCE -0.17 ns * -0.75 ** -0.02 ns
Transpiration 0.27 * 0.39 ** 0.43 ** 0.30 *
Time of day 0.81 ** 0.04 ns 0.34 **
Temperature 0.28 * 0.44 **
Light quanta 0.44 **

Table lb. Correlation coefficients of several factors related to spike net carbon exchange and
transpiration rates of winter wheat under field conditions, Corvallis, Oregon, 1974.
(n = 64).

NCE -0.26 * -0.33 ** -0.51 ** -0.41 ** -0.32 *
Transpiration 0.45 *4' 0.72 ** 0.32 * -0.44 **
Time of day 0.86 ** 0.24 ns 0.59 **
Temperature 0.22 ns 0.62 **
Light quanta 0.29 *

* = Significant at the 5% level.
** = Significant at the 1% level.
ns = No significance.



Figure 1. Relationship between flag leaf net carbon exchange and leaf temperature
in winter wheat during the grain filling stage of development. Corvallis,
Oregon, 1974. (n = 64).
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Figure 2. Relationship between flag leaf transpiration rate and leaf temperature in
winter wheat during the grain filling stage of development. Corvallis,
Oregon, 1974. (n = 64).
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the surrounding atmosphere due to the elevated leaf temperature.

Assuming changes in stomatal widths were relatively small, as

suggested above, reduction of leaf NCE by increasing stomatal resist-

ance would not be evident. Since increased temperature reduced

overall NCE, apparently not through the stomatal resistance com-

ponent, internal leaf components such as mesophyll resistance, includ-

ing respiration and photorespiration, must have been affected.

Zelitch (1971) suggests that with increasing temperature in C3 type

plants, respiration, and photorespiration rates increase faster than

CO2 fixation, thus producing an overall reduction in NCE. Such may

be the stivation with the wheat plants tested here.

Light quanta reception had a positive effect on flag leaf NCE.

However, associated increases in leaf temperature, which decreased

NCE, counteracted the light quanta effect (Table 2a and 2b), with a

net result of no correlation between light quanta and flag leaf NCE.

There was a positive and significant association between light

quanta reception and flag leaf transpiration (Table la). Path coeffi-

cient analysis (Table 2) showed that the light quanta effect on trans-

piration rates was direct and not via changes in the leaf temperature

or hydration. Stomatal control and thus transpiration rate (Kuiper,

1961) by light quanta has been suggested (Zelitch, 1963) and appears

to be occurring under the conditions of the field environment of the

experiment.



Table 2a. Path coefficient analysis of the direct and indirect influences of light quanta,
temperature and xylem pressure potential on several physiological factors of
winter wheat during the soft dough stage of development in the field. Corvallis,
Oregon, 1974. (n = 64).

Type of effect
Leaf
NCE

Leaf
Transpiration

Spike
NCE

Spike
Transpiration

Light Quanta
Direct .206 .336 -.329 .175
Via /Temperature -.226 .078 -.106 .159
Via/Pressure potential . 001 .012 .023 -.019

Total Correlation

Temperature

-.02 ns 43 ** ** .32 *

Direct -.807 .280 -.483 .722
Via/Light quanta .058 .094 -.072 .039
Via/Pressure potential .001 .012 .049 -.040

Total Correlation -.75 ** .39 ** -. 51 *:,3: 72 **

Pressure Potential
Direct .003 .028 .079 -.064
Via/Light quanta .091 .148 -.095 .051
Via/Temperature -.355 .123 -.299 .448

Total Correlation -.26 ns .30 * -.32 * .44 **

Coefficient of multiple
determination (R2) 0.60 0.26 0.37 0.55

* Significant at the 5% level. **Significant at the 1% level. ns No significance.



Table 2b. Maximum, minimum, average and standard error of the mean for NCE, trans-
piration, light quanta, temperature and pressure potential for winter wheat
spikes and flag leaves under field conditions. Corvallis, Oregon, June, 1974.

Maximum Minimum Average
Standard

Error

Spike
NCE (mg hr -1 2.67 0.00 .92 .73

Transpiration (mg min -1
) 3.48 1.12 2.14 .50

Temperature (C) 26.7 12.2 18.1 3.8

Pressure potential (-bars) 34.5 13.0 23.8 3.8

Flag Leaf
NCE 8.88 0.00 3.92 2.35

Transpiration .92 .21 .52 .17

Temperature 27.2 12.8 18.7 3.5

Pressure potential 29.1 16.6 23.8 3.1

-2 1Light Quanta (µe m s ) 2128. 928. 1822. 302.
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Spike Net Carbon Exchange and Transpiration

The spike exhibited responses similar to the flag leaf NCE in

that a reduction in spike NCE was noted as temperature increased

(Table lb, Figure 3). Additionally, path coefficient analysis indicated

no relationship between spike pressure potential and spike NCE (Table

2a and 2b). This conflicts with data published by Johnson (1974).

Pressure potentials for the spike in this experiment were taken on the

culm just below the spike, whereas, Johnson reported spike NCE as

a function of flag leaf water potential. This may account for the con-

flicting information.

Increases in spike temperature were directly related to

increases in spike transpiration rates (Table lb, Figure 4). Associ-

ated changes in light quanta and spike pressure potentials had a

relatively insignificant direct effect on spike transpiration (Table 2a),

even though significant correlation coefficients were noted.

Cultivar Comparisons

Druchamp was the lowest seed yielding cultivar in the group

tested (Table 4). Druchamp also had a significantly lower flag leaf

NCE rate (Table 3). This relationship suggests that flag leaf NCE of

winter wheat taken under field conditions during the soft dough stage of

development may be associated with seed yield.



Figure 3. Relationship between spike net carbon exchange and temperature in winter
wheat during the grain filling stage of development. Corvallis, Oregon, 1974.
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Figure 4. Relationship between spike transpiration rate and temperature in winter wheat
during the grain filling stage of development. Corvallis, Oregon, 1974.
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Table 3. Comparisons between flag leaf and spike net carbon exchange and transpiration in four
cultivars of winter wheat during the soft dough stage of development in the field.
Corvallis, Oregon, 1974.

Cultivar

NCE Transpiration

Flag Leaf
-2 -1mg dm hr

Spike

mg hr -1

Flag Leaf
+ Spike

1mg hr -
Flag Leaf Spike

mg dm-2 hr -1 mg hr -1

Flag Leaf
+ Spike

mg hr -1

Hyslop 4.95 a 1
1.92 a 3.45 a 670.0 a 121.2 a 233.8a

Yamhill 4.40 a 0.41 c 1.65 b 630.0 a 110.4 a 232.5 a

Luke 4.35 a 0.87 b 0.98 b 430.0 b 123.6 a 225.6 a

Druchamp 1.96 b 0.49 be 1.56 b 360.0 b 158.4 b 305.6 b

s-
x

0.52 0,11 0.20 30.0 10.0 11.0

'Values followed by the same letter do not significantly differ at the 1% level as determined by the
Least Significant Range test (LSR).



Table 4. Yield component comparisons between several winter wheat cultivars.
Corvallis, Oregon, 1974.

Total
Seed Yield # Spikes # Kernels 300 Seed Biomass

Cultivar kg /ha /M 2 /Spike Wt. (g) kg/ha

Hyslop 7391. a 1 379. bc 43.6 a 13.5 a 17770. b

Yamhill 8484. a 389. bc 43.6 a 15.2 b 24455. a

Luke 7585. a 513. abc 30.2 b 14.8 c 23017. a

Druchamp 6906. b 575. a 31.5 b 11.4 d 19915. ab

1
Values followed by the same letter do not significantly differ at the 1% level as
determined by the Least Significant Range test (LSR).
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A note on technique may be appropriate at this time. The use of

field measurements as suggested above for early generation selection

in winter wheat may be impractical. Due to the complexity of the

measuring procedure, only a relatively small number of plants can be

evaluated in a day. Using the techniques described herein, two per-

sons working full time evaluated an average of 30 plants per day.

Compared to a magnitude of thousands of plants that must be evaluated

in a wheat improvement program (Kronstad, 1974), the number of

plants evaluated by this system would be too small. However, this

system may have merit in later generation cultivar evaluation or for

selection of parent material.

Spike NCE rates were significantly higher in Hyslop and Luke

(awned cultivars) as opposed to Yamhill and Druchamp (awnless culti-

vars). This is in general agreement with published literature

(Johnson, 1974; Evans, 1972). However, NCE did not relate to any of

the seed yield components (Table 4). Transpiration rates of the spikes

in the awned cultivars also tended to be higher than the awnless culti-

vars. When the spike transpiration rate was added to the total flag

leaf transpiration rate, differences due to awns disappeared (Table 3).

It was noted that the lower yielding Druchamp had a significantly

higher flag leaf + spike transpiration rate than the other cultivars.

Under conditions of limited water supply, this increased transpiration

rate would be detrimental to plant growth and could possibly be the

source of the noted lower yielding capacity.
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APPENDIX I

Multiple Linear Regression Models for Path Coefficient
Anal sis of Several Winter Wheat Cultivars Under

Greenhouse Conditions, 1974

The following are multiple linear regression models derived

from data collected from 5 cultivars of soft white winter wheat. The

codes are as follows:

TRANS = Transpiration (mg dm -2 min -1
)

NCE = Net carbon exchange (mg dm -2 hr -1
)

-2 -1Quanta = Light quanta (Ile m s )

LTemp = Leaf temperature (C)

RH = Air relative humidity (%)

PPot = Pressure potential (-bars)

The accompanying analysis of variances are the result of factor

addition to the regression sum of squares in a stepwise manner.
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Multiple Linear Regression Models Used for Pathway Analysis
of Several Winter What Cultivars (Greenhouse, 1974)

Cultivar Regression Model R2

Hyslop TRANS = 7.737 + .0240 Quant . 85
+ .3398 LTemp
+ .0511 RH
+ .0698 PPOT

NCE = -15.43 + .0086 Quant .88
+ .826 LTemp
+ .068 RH
+ .240 PPOT

Yamhill TRANS = -31.035 + .0119 Quant .74
+ 1.0547 LTemp
+ .3986 RH
+ .7091 PPOT

NCE = -24.77 + .0127 Quant .89
+ .459 LTemp
+ .553 RH
+ 1.006 PPOT

Luke TRANS = -14.872 + .0287 Quant .71
+ .3755 LTemp
+ .1743 RH
+ .0818 PPOT

NCE = -20.80 + .0117 Quant .87
+ .424 LTempt
+ .259 RH
+ .323 PPOT

White Holland TRANS

NCE

= -12.200 - .00198 Quant
+ .7368 LTemp

.00302 RH

.3603 PPOT
= - 5.3 + .013 Quant

.290 LTemp
+ .099 RH
+ 1.19 PPOT

.80

.82
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2*
Cultivar Regression Model

Nugaines

All

TRANS = -24.456 .0200 Quant .86
+ .9561 LTemp
+ .1563 RH
+ .4386 PPOT

NCE = -23.46 .030 Quant .86
+ .450 LTemp
+ .404 RH
+ .305 PPOT

TRANS = -16.913 + .00944 Quant .69
+ .7062 LTemp
+ .1372 RH

.00215 PPOT

NCE = -22.49 + .0088 Quant .80
+ .426 LTemp
+ .310 RH
+ .381 PPOT

R2R = coefficient of multiple determination.
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Source of Variation df SS MS

Analysis of variation of the multiple linear regression on NCE
of Hyslop winter wheat,

Regression due to

1974.

Xl, X2, X3, X4 4 639.06 159.77 15.13**

Addition due to
X1 (Quanta) 1 9.53 9.53 0.90ns
X2 (Ltemp) 1 624.74 624.74 59.16**
X3 (RH) 1 3.71 3.71 .35ns
X4 (PPOT) 1 1.08 1.08 lOns

Residual 8 84.50 10.56

Total 12 723.56

Analysis of variation of the multiple linear regression on
transpiration of Hyslop winter wheat,

Regression due to

1974.

Xl, X2, X3, X4 4 403.90 100.98 11.21**

Addition due to
X1 (Quanta) 1 318.81 318.81 35,38**
X2 (LTemp) 1 11.74 11.74 1.30ns
X3 (RH) 1 .93 .93 .10ns
X4 (PPOT) 1 .37 .37 .04ns

Residual 8 72.05 9.01

Total 12 475.95

Analysis of variation of the multiple linear regression on NCE
of Yamhill winter wheat, 1974.

Regression due to
Xl, X2, X3, X4 4 269.19 74.05 14.38**

Addition due to
X1 (Quanta) 1 218.50 218.50 42.43**
X2 (LTemp) 1 7.26 7.26 1.41ns
X3 (RH) 1 16.44 16.44 3. lOns
X4 (PPOT) 1 53.99 53.99 10.48**

Residual 7 36.05 5.15

Total 11 332 24
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Source of Variation df SS MS

Analysis of variation of the multiple linear regression on
transpiration of Yamhill winter wheat, 1974.

Regression due to
Xl, X2, X3, X4 4 387.32 96.83 4.85*

Addition due to
X1 (Quanta) 1 312.80 312.80 15.68**
X2 (LTemp) 1 32,46 32.46 1.63ns
X3 (RH) 1 11.58 11.58 .58ns
X4 (PPOT) 1 30.48 30.48 1.53ns

Residual 7 139.63 19.95

Total 11 526.95

Analysis of variation of the multiple linear regression on NCE
of Luke winter wheat,

Regression due to
1974.

Xl, X2, X3, X4 4 190.67 47.67 12.10**

Addition due to
X1 (Quanta) 1 16.33 16.33 4.14ns
X2 (LTemp)emp) 1 169.43 169.43 43,00***
X3 (RH) 1 3.56 3.56 .90ns
X4 (PPOT) 1 1.35 1.35 .34ns

Residual 7 27.61 3.94

Total 11 218.29

Analysis of variation of the multiple linear regression on
transpiration of Luke winter wheat,

Regression due to

1974.

X1, X2, X3, X4 4 260.78 65.20 4.23*

Addition due to
X1 (Quanta) 1 231.48 231.48 15.01**
X2 (LTemp) 1 27.54 27.54 1.79ns
X3 (RH) 1 1.48 1.48 . lOns
X4 (PPOT) 1 .28 .28 .02ns

Residual 7 107.97 15.42

Total 11 368.75
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Source of Variation df SS MS

Analysis of variation of the multiple linear regression on NCE
of White Holland winter wheat,

Regression due to

1974.

Xl, X2, X3, X4 4 221.36 55.34 8.02**

Addition due to
X1 (Quanta) 1 7.71 7.71 1. llns
X2 (LTempt) 1 4.63 4.63 .67ns
X3 (RH) 1 .79 .79 .11ns
X4 (PPOT) 1 208.23 208.23 30.18***

Res idual 7 48.31 6.90

Total 11 269.68

Analysis of variation of the multiple linear regression on
transpiration of White Holland winter wheat,

Regression due to

1974.

Xl, X2, X3, X4 4 220.97 55.24 6.98*

Addition due to
Xl (Quanta) 1 .21 .21 .03ns
X2 (LTemp) 1 217.01 217.01 27.44**
X3 (RH) 1 .00 .00 .00ns
X4 (PPOT) 1 3.75 3.75 .47ns

Residual 7 55.34 7.91

Total 11 276.31

Analysis of variation of the multiple linear regression on NCE
of Nugaines winter wheat,

Regression due to

1974.

Xl, X2, X3, X4 244.49 74.87 10.88*

Addition due to
X1 (Quanta) 1 10.41 10.41 1.51ns
X2 (LTemp) 1 7.95 7.95 1.16ns
X3 (RH) 1 17.95 17.95 2.61ns
X4 (PPOT) 1 208.18 208.18 30.26**

Residual 5 34.40 6.88

Total 9 333.89
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Analysis of variation of the multiple linear regression on
transpiration of Nugains winter wheat, 1974.

Regression due to
Xl, X2, X3, X4 4 336.58 84.14 7.66*

Addition due to
X1 (Quanta) 1 4.08 4.08 ,37n$
X2 (LTemp) 1 327.50 327.50 29,80**
X3 (RH) 1 2.06 2.06 .19ns
X4 (PPOT) 1 2.94 2.94 .27ns

Residual 5 54.97 10.99

Total 9 391.55

Analysis of variation of the multiple linerar regression on NCE
of all cultivars of winter wheat (Greenhouse,

Regression due to

1974).

Xl, X2, X3, X4 1561.46 390.36 53.77**

Addition due to
X1 (Quanta) 1 88.03 88.03 12.13**
X2 (LTemp)emp) 1 1390.01 1390.01 191.46***
X3 (RH) 1 35.82 35.82 4.93*
X4 (PPOT) 1 47.60 47.60 6.56*

Residual 54 392.01 7.26

Total 58 1953.46

Analysis of variation of the multiple linear regression on
transpiration of all cultivars of winter wheat (Greenhouse, 1974).

Regression due to
X1, X2, X3, X4 4 1437.72 359.43 30,59***

Addition due to
X1 (Quanta) 1 77.37 77.37 6,59*
X2 (LTemp) 1 1347.33 1347.33 114.67***
X3 (RH) 1 13.01 13.01 1.11ns
X4 (PPOT) 1 0.01 0.01 .00ns

Residual 54 634,52 11.75

Total 58 2072.24
Significant at the 5% level of probability.
Significant at the 1% level of probability.

***Significant at the 0. 1% level of probability
ns Not significant.
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APPENDIX II

Regression Formulas Used to Adjust Observed NCE and
Transpiration Rates in the Greenhouse to a Standard

Set of Conditions, 1974. n = 10

Hyslop: NCE = -15.830 + (1. 211 x leaf temperature)

TRANS = n 044 + (0. 034 x Light quanta)

Yamhill: NCE = 3.461 + (0. 022 x Light quanta)

TRANS = .918 + (0-025 x Light quanta)

Luke: NCE = -12.271 + (0. 953 x Leaf temperature)

TRANS = 1.026 + (0. 039 x Light quanta)

White Holland: NCE = - 5.208 + (1.318 x Pressure potential)

TRANS = -12.135 + (0.888 x Leaf temperature)

Nugaines: NCE = 6.269 + (1.422 x Pressure potential)

TRANS = -16-823 + (1. 149 x Leaf temperature)

Note: See Appendix I for definitions and parameters of above factors.
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APPENDIX III

A Portable S stem for the Measurement of NCE and
Transpiration of Wheat Leaves and Heads

Introduction

Methods of estimating photosynthesis and transpiration on whole

plant parts are numerous. Depending on the required accuracy and

time of measurement, the method can be simple or highly complex.

Many investigators wish to make a fairly accurate estimation in as

short a time as possible, with the flexibility of being able to measure

parts of plants or whole plants without destroying same.

Photosynthesis can be expressed in a number of ways. This

paper uses net carbon exchange (NCE) as the measured unit. With

this value in hand and with dark and light respiration values, one can

easily determine net photosynthesis, etc. Light respiration can be

measured by exposing a plant to CO2 free air under light conditions

and measure the resulting efflux of CO2 which could be used as the

estimation of photorespiration (Zelitch, 1971). The relationship is

generally:

NCE = photosynthesis (dark respiration + photorespiration)

There is a factor of CO2 recycling within the cell which is not

considered in this formula and for the most part is generally regarded
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as insignificant, a dangerous assumption.

The principal used to measure NCE is simple. The plant that is

to be measured is placed in some type of air-tight assimilation

chamber. Air is passed through the chamber and across the plant.

By measuring the concentration of CO2 entering the chamber and that

leaving the chamber, and knowing the air flow rate, one can determine

NCE by:

NCE = air flow rate (1/min) x [CO2 out CO2 in (mg CO2/1)]

The term Q CO2 is used to express differences in carbon dioxide

concentrations entering and leaving the chamber. To speed the CO2

measuring process, an infrared gas analyzer is used to determine the

CO2 concentration of the air streams and is expressed in [11 CO2

(ppm or vpm) The resulting concentration in 111/1 CO2 can be con-

verted to mg CO2/1 by:

mg CO2/1
[1.1 CO2 273 K barometric pressure
liter x temperature (K) 1013 mb

44,000 mg mole CO2 -6
x mole CO2 x 22.4 1 CO2 x 10

One method to standardize the NCE rate is to divide by the leaf area

(if leaves are used) into NCE. The result is mg CO2 unit area-2 unit

time-1 and is usually expressed as mg CO dm-2 hr -1 for most plants.
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Thus for the advantage of being able to measure NCE rapidly

with some degree of accuracy, CO2 concentrations, leaf temperature,

assimilation chamber air flow rate, atmospheric pressure and leaf

area must be measured.

The measurement of transpiration is accomplished in a similar

manner. CO2 concentrations are substituted by water vapor concen-

trations, usually mg/1. The determination of water vapor concentra-

tion is more difficult than for CO2, depending on the type of instrument

used. Infrared gas analyzers (IGA), for water vapor, are available

which provide a direct water vapor concentration measurement similar

to CO2 concentrations. A dew point hygrometer is another instrument

which provides dew point temperatures which must subsequently be

converted to water vapor concentrations. Differential psychrometers,

a third type of measuring device, provide a direct measurement of the

difference in wet bulb depression between the incoming and outgoing

air streams. This difference can then be converted to mg water /1

released by the plant (Barlow, 1974).

The cost of the above equipment, ease of use and accuracy are

related below (1974 base date):

Equipment Approx. Cost
Relative

Accuracy
Relative Ease

of Use

IGA $3000.00 Highest Easiest
Dew Point Hygrometer 1500.00 Less than Same as

IGA IGA

Differential Hygrometer 600.00 Same as Difficult
Dew Point
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The system used will depend on available funds and desired usage.

Factors which influence NCE and transpiration must also be

measured and, depending on experimental objectives, controlled.

Major factors which fall under this classification are: 1) light energy,

2) leaf temperature, 3) ambient air temperature, 4) CO
2

atmosphere

concentration, 5) 0
2,

atmospheric concentration and 6) atmospheric

water vapor pressure.

The measurement of NCE and transpiration in wheat leaves and

heads was the main use for this system. However, the system can be

adapted to other plants and plant parts. Additionally, this system was

built to be used under field, greenhouse and laboratory situations.

The next section describes the component parts, their limitations and

advantage s.

Equipment and Materials

The system can basically be divided into three main parts, each

with specific functions: 1) assimilation chamber and environmental

control, 2) gas handling, and 3) gas analysis.

I. Assimilation Chamber and Environmental Control

A. Assimilation Chamber

The assimilation chamber that was chosen is an air seal type as

described by Chatterton (1973). The basic principal is illustrated in
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Figure 1. Conditioned or ambient air is pumped into the air seal
1

chamber located at both ends of the chamber, usually at 1500 cc min .

The leaf blade is inserted through the slots at each end. Air is drawn

from within the chamber, normally 900 cc min -1, by another pump.

The excess of 600 cc min-1 is exhausted out the slots where the leaf

has been inserted.

B. Evnrionmental Control

The temperature of the assimilation chamber and leaf can be

controlled by using water jackets around the chamber. Leaf tempera-

ture is measured by using a copper constatine thermocouple pressed

against the abaxial side of the leaf. The incoming air temperature,

water vapor pressure, CO2 concentration, 02 concentration, etc.,

can be controlled by any number of methods (Sestak, 1971).

II. Gas Handling

A gas handling system must provide flexibility in terms of types

of assimilation chambers that can be used. It must provide the least

amount of in-line distance from assimilation chamber to analyzing

system and must be airtight. To meet these objectives, a system was

employed that is illustrated in Figure 2.

Two assimilation chambers are used in this arrangement. Both

chambers can have plant material in them simultaneously, however,

only one is being sampled at any given point in time. This allows one



Figure 1. Leaf assimilation chamber with top removed demonstrating the air
seal concept.
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Figure 2. Flow diagram for NCE and transpiration measuring
system.
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to measure plant A, while plant B is climatizing and vice versa. Air

is constantly being exhausted through flow meters A and B.

Let us assume that pumps A and B are sampling 900 cc min of

air from their respective chambers. If we turn the 3-way valve so

that pump C draws air at 600 cc min -1 from air stream A, just before

flow meter A, the result is an airflow through flow meter A of

300 cc min -1
. Air flow through flow meter B is unchanged. A change

in the 3-way valve would result in air being sampled from chamber B

instead of A. However, the absolute flow through both chambers is

maintained at 900 cc min-1. Using this approach we have the flexi-

bility of choosing any assimilation chamber we wish for sampling, as

well as being able to adjust the individual chamber flow rates without

affecting the air flow rate through pump C.

Pump C provides a second function. Besides drawing a sample

of air from the assimilation chamber after it has passed over the leaf,

it also samples the air stream before it goes into the assimilation

chamber, thus providing a reference air sample. Again, this refer-

ence air flow will be at 600 cc min-1.

This particular system is especially airtight in that a positive

air pressure is maintained in all lines except that between the assimi-

lation chambers and sampling pumps A and B. This is a definite plus

for reducing contamination of the sampled air by ambient air.
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Specific Materials Used

The following is a brief summary of the types of lines, valves,

connectors and pumps used in this system.

Air lines. All lines were 0.25 inch O.D. nylon tubing. This

type of line is relatively impermeable to CO2 diffusion, which is a

serious problem with rubber, tygon and polypropylene tubing. In some

cases where air lines need not be flexible, copper tubing can be used.

Valves. Wherever possible, a needle bellows valve was used.

The construction of this type of valve eliminates any air leaks around

the valve seats and thus the sample air stream.

Connectors. There are a number of connectors available for

this type of tubing. The easiest and most relaible is Swedgelock.

They come in a variety of types and threaded sizes. All threads have

teflon tape on them to provide a more positive seal. Liquid and paste

sealers should be avoided, since they tend to contaminate the air

streams.

Pumps. Three types of pumps were employed. For lower

volume, low pressure sampling, pumps A and B, the Dynapump

(diaphram) Model 2 or 3 was more than adequate.

Analyzing system pump C was a dual diaphram pump made by

Thomas. Since the same motor was used for both diaphrams, fluctua-

tion in air flow to the analyzing system was kept constant, a must as

discussed in the section on gas analysis.
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Pump D which provided flow to the assimilation chamber was a

vane rotary type pump which had a high air flow capacity. Oil particles

contaminated the air flow stream from this pump but they were

adequately filtered out by a filter on the pump plus passing the air

stream through a sealed chamber approximately 0.5 1 in volume

filled with glass wool.

III. Analyzing System

Air sampled before it reached the assimilation chamber is

referred to as "reference." Air taken from the assimilation chamber

after it passed over the plant is referred to as "sample." To

recapitulate, the difference between incoming (reference) air and out-

going (sample) air in terms of CO2 or water vapor concentration is

what the plant or plant part either assimilated or exhausted.

Sample and reference air water vapor concentration is measured

by any of the three methods described in the previous section. It is

the experience of the author that the psychrometer is unacceptable,

especially when considering the system for field or greenhouse use.

The main reasons for this are: 1) it takes too much time and delicate

handling during actual measurement conditions, 2) it requires a very

close controlled water bath, within 0.1 C, which is both difficult and

requires a large amount of electrical energy for the cooling and heating

system for the water bath, and 3) it reduces the mobility of the

measuring system.
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From the water vapor measuring system, the sample and

reference air streams pass through a cold finger water trap which

quite effectively removes most water vapor which interfers with CO2

IGA analysis. Some investigators use Drierite which is water

absorbing. However, it also absorbs and gives off CO2 which can

create an improper CO2 reading at worst, or at best buffers the air

streams in such a way that CO2 equilibrium within the system may be

very slow, thus producing a slow measuring response time.

The reference and sample air streams are then passed through a

differential CO2 IGA which measures the difference of CO2 in ppm

between the two air samples.

Five-way valves are placed just before the CO2 IGA so that any

one of four air sources can be passed through either of the IGA

chambers. Thus, if one wishes to measure the difference between the

reference and sample air streams the appropriate selection is made.

One chamber of the IGA must always be the low side in terms of CO2

concentration. If one were measuring NCE when the plant was photo-

synthesizing, the reference air stream would be on the high side and

the sample on the low side of the IGA.

Also connected to the five-way valves are CO
2

standards of 0,

250 and 350 ppm CO2. With a proper selection of standards and

reference air stream, one can determine ambient CO2 going into the

assimilation chamber, without disrupting the actual net assimilation of
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the plant in the chamber. One may also calibrate the CO2 IGA by

using appropriate standard gasses.

Air flow meters are connected to the exhaust ports of the

differential CO
2

IGA. Since air pressures must be the same inside the

two IGA chambers, the flow meter provides an easy adjustment to keep

the pressures equal by providing equal flow rates through the IGA

chambers.

A Leeds & Northrup 24-point recorder was used to record CO2

concentration from the IGA, water vapor concentration from the dew

point hygrometer, leaf and assimilation chamber temperature plus

assorted environmental factors such as ambient air temperature,

light flux (Lambda photon sensor) and related water bath temperature

for the cold traps and humidifiers.
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APPENDIX IV

Soil Water Potentials (-bars) Taken at Three Depths Under
Four Cultivars of Soft White Winter Wheat, Hyslop

Farm, Corvallis, Oregon. 9 July 1974

Cult ivar

Water Potential (-bars)
Depth (cm)

30 61 91

1Hyslop 14 . a 9. a 6. a

Yamhill 12. a 5. ab 7. ab

Luke 17. a 6. ab 6. a

Druchamp 15. a 4. b 9. b

3.1 1.6 0.8
x

'Values in columns followed by the same letter are not
significantly different at the 5% level of probability
according to the Least Significant Range test (LSR).



APPENDIX V

Relationships Between Vascular Tissue Areas in Several Cultivars of Winter Wheat
Flag Leaves Taken From Field Plants at the Soft Dough Stage

Cultivar
Total Area /Cro ssection

of Development. (10-3mm2)

Ave. Area /mm Leaf WidthAve. Area/Bundle
Vascular Phloem Xylem Vascular Phloem Xylem Vascular Phloem Xylem

Hyslop 278.42 85.62 40.25 17.78 5.44 2.56 13.51 4.15 1.95

Yamhill 194.95 60.31 25.91 12.18 3.97 1.70 9.71 3.00 1.29

Luke 141.93 40.51 20.88 10.66 3.04 1.56 7.93 2.26 1.16

White Holland 256.76 79.72 35.52 12.10 3.75 1.67 12.15 3.77 1.68



APPENDIX VI

Multiple Linear Regression Models Used for Path Coefficient
Analysis of Winter Wheat Under Field Conditions.

Corvallis, Oregon, 1974.

The following are multiple linear regression models derived

from data collected on four cultivars of soft white winter wheat flag

leaves and spikes at Hyslop Farm, Corvallis, Oregon. Tune 1974.

The codes are as follows:

SNCE = Spike net carbon exchange (mg hr-1)

STRAN = Spike transpiration (mg min-1)

LNCE = Flag leaf net carbon exchange (mg dm
-2 hr -1

)

LTRAN = Flag leaf transpiration (mg cm
-2 min -1

)

Quanta = Light quanta (Ile m -2 -1
s )

Temp. = Temperature (C)
PPot = Pressure potential (-bars)
R2 = Coefficient of multiple determination

SNCE = 3.780 - (.0008 x Quanta)
- (.0932 x Temp.)
+ (.0151 x PPot)

STRAN = 0.101 + (.0003 x Quanta)
+ (.0947 x Temp.)

(.0084 x PPot)

LNCE = 11.095 + (.0016 x Quanta)
- (.5383 x Temp.)
+ (.0026 x PPot)

LTRAN = -0.116 + (.0002 x Quanta)
+ (.0136 x Temp.)
+ (.0016 x PPot)

R2 = .37

= .55

.60

2
R .26

92
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APPENDIX VII

Simple Correlation Coefficients of Several Factors in Four
Cultivars of Soft White Winter Wheat Flag Leaves

Under Field Conditions. Corvallis, Oregon,
June 1974. (n = 16)

Codes: Time = Time of day
-2 -1Quanta = Light quanta (p.e m s )

NCE = Net carbon exchange (mg dm -2 hr -1
)

TRANS = Transpiration (mg dm -2 min -1
)

SLW = Specific leaf weight-dry (mg dm-Z)

Factor s Hyslop Yamhill Luke Druchamp

Time, Quanta
Time, Temp
Time, NCE
Time, Trans
Time, PPot
Time, SLW
Quanta, Temp
Quanta, NCE
Quanta, Trans
Quanta, PPot
Quanta, SLW
Temp, NCE
Temp, Trans
Temp, PPot
Temp, SLW
NCE, Trans
NCE, PPot
NCE, SLW
Trans, PPot
Trans, SLW
PPot, SLW

. 15 ns 1

.95 **
-.53 *
.13 ns
.75 **

-.14 ns
. 22 ns
.39 ns
.24 ns
.27 ns
. 18 ns

-.45 ns
. 25 ns
. 81 **

-.17 ns
.22 ns

-. 17 ns
.37 ns
.30 ns

-.07 ns
. 19 ns

-.62 *
.68 **

-.73 **
4178

-.66 **
. 10 ns
50 *
42 ns
48 ns
56 *
51 *
16 ns
66 **
36 ns
17 ns
17 ns
42 ns
12 ns
32 ns
21 ns

-.69 **
, 62 *

-. 85 **
-.42 ns
-.17 ns
-. 10 ns
.13 ns
.55 *
.66 **
, 62 *
.01 ns

*-.60
6140 ns

.45 ns
-.10 ns
.36 ns
.09 ns
.20 ns
.79 *4:

-.07 ns
.02 ns

-.51 *
.57 *

-. 85 **
-.09 ns
-, 31 ns

.47 ns
sss:

.22 ns

-. 54 *

4223174468

ns
.01 ns
.37 ns
.32 ns
.20 ns
.11 ns
.19 ns
.35 ns
.39 ns

1 = Significant at the 5% level of probability.
= Significant at the 1% level of probability.

ns = Not significant.


